A new simple implicit solvent model, effective charge (EC) model, was introduced into the Brownian dynamics algorithm based on AMBER united-atom force field. In the EC model, an atomic charge was decreased as a function of solvent-accessible surface area of the atom. We carried out the Brownian dynamics simulations of a 28-mer ββα fold peptide using four implicit solvent models: a generalized Born/solventaccessible surface area (GB/SA) model, a solvent-accessible surface area (SA) based solvent model, a SA in combination with distance-dependent dielectric (DD/SA) and the EC combined with DD/SA (DD/SA/EC) model; and the calculated results on structure and dynamics of the peptide were compared with those of molecular dynamics simulation using explicit solvent model. Several artifacts were observed in the simulation using the GB/SA model. On the other hand, simulation using the DD/SA and DD/SA/EC implicit solvent models were free from such artifacts. Especially BD with the DD/SA/EC model gave the most stable trajectory as judged by root mean square deviations from the initial structure without large computational cost.
Introduction
To simulate a folding of a protein by molecular simulation technique, it is necessary to improve force fields that represent the protein-solvent system. The solvent environment has profound influences on the structures, thermodynamics, dynamics and functions of biological molecules [1] . The proper representation of this solvation effect is one of the most important challenges for the simulation of biomolecule-water systems. Explicit solvent models have been extensively used in the simulations. In principle an explicit all-atom solvent model would include all solvation effects. However, the explicit treatment of thousands of solvent degrees of freedom requires several orders of magnitude more CPU time than the corresponding in vacuo simulation. This strongly inhibits the simulations of large-scale conformational transitions such as protein folding, which takes place in milliseconds or sub-milliseconds even for small proteins [2] .
In this respect, many implicit continuum solvent models have been developed [3] [4] [5] .
The finite difference solution of the PoissonBoltzmann (PB) equations based upon rigorous physics has been widely used for the calculation of the electrostatic contribution to the solvation energy as the most accurate continuum model [6] . Until recently, use of the PB approach has been largely restricted to calculations involving static representations of molecular structure, but the recent development of simple methods to obtain solvation forces from the PB equation made it possible to use it in molecular dynamics (MD) simulations [7] . However, obtaining accurate numerical solution of PB equation for a large system such as a protein is still too costly to permit useful long time dynamics of biological molecules to be routinely studied. Another simpler and faster implicit continuum model based on PB equation is the socalled generalized Born/solvent-accessible surface area (GB/SA) model introduced by Still and co-workers [8] .
This GB/SA model has been developed and applied for molecular dynamics simulations of proteins and nucleic acids [9] [10] [11] . In more simplified implicit solvent models, all contributions to the solvation free energy are assumed to be proportional to the solvent-accessible surface area [12] [13] [14] or Gaussian solvent exclusion volume [15] .
Recently, we have developed an atomistic Brownian dynamics (BD) with multiple time step algorithm for the simulations that require long time calculations such as protein folding [16, 17] . BD simulation is one of the stochastic dynamics simulations in which the dynamical aspects of the solvent are treated as a dissipative random force in the equations of motion. Furthermore, by eliminating the less interesting high-frequency motions such as those arising from bond vibrations, one can use larger time steps in BD simulations [18] [19] [20] . So, BD simulation enables much longer simulations to be performed. In the BD algorithm, a protein was described by unitedatom model with AMBER91 force field and solvation effect was introduced by distance-dependent dielectric and solvent-accessible surface area (DD/SA) model. This BD simulation of a peptide was 160 times faster than molecular dynamics simulation with explicit solvent and stable.
In this paper, we introduce a new simple implicit solvent model, effective charge (EC) model to improve the force field. In the EC model, the atomic charge is neutralized as a function of the solvent-accessible surface area of the atom. The GB/SA model was also applied for BD algorithm. In order to test the effectiveness of these implicit solvent models, BD simulations of a 28-mer ββα folded peptide were carried out. A corresponding molecular dynamics simulation using explicit all-atom water model was also performed for comparison. In vacuo simulations are well known to suffer from several artifacts, such as smaller radius of gyration, shrinkage of the hydrophilic solvent-accessible surface area and smaller atomic fluctuations [1, 14] . We compared those structural and dynamics properties of the peptide in these simulations.
Theory and Methods

Solvation Energy
In this study, four implicit solvation models were used: (1) distance-dependent dielectric (DD) model; (2) solvent-accessible surface area (SA) model; (3) effective charge (EC) model; (4) generalized Born/solventaccessible surface area (GB/SA) model. We briefly summarize each implicit solvent model.
(1) DD model DD model assumes the dielectric constant ε = Cr i j where C is a constant value and r i j is the distance between atoms i and j. This model is approximating the longrange electrostatic screening effects [21] . In this study, C of 2 (i.e. ε = 2r i j ) was used.
(2) SA model
In SA model, the solvation energy is given by:
where SA i (r N ) is the solvent-accessible surface area of atom i and σ i is a solvation parameter depending on the atom type. This model is based on the assumptions that most of the solvation energy arises from the first water shell around the protein and that the energy of interaction of a solute with water can be considered as a sum of energies of atomic groups [22] . The SA i (r N ) was calculated using the approximate analytical expression of Hassel et al. [23] and the atomic solvation parameters determined by Wesson and Eisenberg [15] ; σ(C) = 12 cal/mol/Å 2 , 
Here q i ' is the effective charge of atom i, S i is the total solvent-accessible surface area of isolated atom i, α int is a shielding parameter against interior of the solute (wherein α int is set at unity) and α ext is a shielding parameter for exterior water. Therefore, in this model effective atomic charge decreases to a factor of 1/α ext linearly with the increase of solvent-accessible surface area. In this study, α ext = 8 was used. This EC model is similar to the solvent-accessibility modified Tanford-Kirkwood method developed by Matthew and Gurd [24] . In their model, the electrostatic energy of pairwise interaction is calculated as the value of the Tanford-Kirkwood electrostatic interaction energy reduced by average solvent-accessibility (normalized by the corresponding accessible surface area of a model tripeptide) over atoms i and j. (4) GB/SA model In the GB/SA model [8] , the total solvation energy (G solv ) is given as the sum of a solvent-solvent cavity term (G cav ), a solute-solvent van der Waals term (G vdW ) and a solute-solvent electrostatic polarization term (G pol ):
The first two terms are the non-electrostatic contributions and are approximately linearly related to their solventaccessible surface area (SA). This is represented by the sum:
where γ i is the atomic solvation parameter of atom i and SA i (r N ) is the solvent-accessible surface area of atom i. This SA i (r N ) was calculated using the same method as used in SA model. In this study, γ(C(sp 3 ), S) = 10 cal/mol/Å 2 , γ(C(sp 2 ), C(sp)) = 7 cal/mol/Å 2 and γ(N, O) = 0 cal/mol/Å 2 were used, in which the united atom model is used in SA calculation, thus γ(H) = 0 cal/mol/Å 2 [25] .
The third term, G pol , is the electrostatic contribution and is expressed by the following form:
where
r i j is the distance between atoms i and j with atomic charges q i and q j , respectively and ε is the dielectric constant of the solvent (= 80). α i is the so-called effective Born radius of atom i. This is the generalized Born (GB) equation modified by Liu and Beveridge for improved estimates of solvation energies [26] . The effective Born radii were calculated using the pairwise dielectric descreening procedure initially introduced by Hawkins et al. [27] and then developed by Liu and Beveridge [26] for AMBER91 unitedatom force field. Derivatives of Eq. (5) were calculated by treating α i as a constant at every time step of BD simulations [8] . In this study, the three implicit solvent models described above were used. However, DD and EC models include only the electrostatic contribution to the free energy of solvation and neglect the non-electrostatic contribution. To consider both contributions, DD and EC models were combined with SA model, that is, DD/SA and DD/SA/EC models.
BD Simulation
In order to test the effectiveness of the implicit solvent models described above, 5 ns multiple time step BD simulations of a designed ββα fold 28-mer peptide pda8d [28] with the implicit solvent models as described in the previous paper [17] were performed. This peptide is one of the smallest proteins that contain two conventional secondary structures, β-strand and α-helix, and is a useful model peptide for developing new algorithms and parameters of molecular simulation; we previously reported its 5 ns MD simulation [16] . For multiple time step algorithm, ∆τ of 5 fs and n of 8 (i.e. ∆t = 40 fs) were used. The simulation temperature was 280 K. Cut-off method was not used. Coordinates and energies were recorded every 10 ps during the simulation. All calculations were performed on a 2.8 GHz Pentium4 processor based on Linux. 
MD Simulation
For the comparison, an MD simulation in explicit water molecules was also performed. The MD simulation was performed using the MD program AMBER 4.1 [29] with united-atom force field [30] , as described in the previous paper [16] . The simulation temperature was the same as used for BD simulation.
Results
Dynamics of the Peptide Using Implicit Solvent Models
In this study, we tested four implicit solvent models, SA, DD/SA, DD/SA/EC and GB/SA, with the BD algorithm. First, the simulation results on structure and dynamics obtained by various implicit solvent simulations were compared. Figure 1 shows Cα root mean square deviations (RMSD) of the peptide from the NMR structure as a function of the simulation time. A snapshot at 5 ns period of each trajectory is shown in Figure 2 . By in vacuo simulation, RMSDs were around 4Å until 5 ns. On the other hand, other implicit solvent models appeared to give mostly stable trajectory, as judged by the smaller RMSD than those obtained from in vacuo simulation. However, while the DD/SA and DD/SA/EC models gave stable trajectories of the secondary and tertiary structures of the native peptide, the structures by the SA and the GB/SA models were collapsed slightly. Additionally, the DD/SA/EC model gave the smaller RMS deviations over 5 ns simulation than those obtained from DD/SA simulation. Figure 3 shows the radius of gyration (R g ) of the peptide as a function of time. As a reference, the average value of R g calculated from the 32 structure models determined by NMR was shown. The explicit solvent simulation is, in general, most reliable at present. However, the R g from the simulation were somewhat larger than those calculated from the NMR structures. The DD/SA and DD/SA/EC models also gave larger R g than the value of the NMR structures during 5 ns simulation similarly to the explicit solvent model. On the other hand, the SA and GB/SA models gave somewhat smaller R g values than those calculated from the NMR structures. R g values obtained by in vacuo simulation were much smaller. Figures 4 and 5 show the hydrophilic solventaccessible surface area (S phi ) and hydrophobic solventaccessible surface area (S pho ) of the peptide as a function of the simulation time, respectively. As a reference, the average values of S phi and S pho calculated from the 32 structure models determined by NMR were also shown. By the SA and GB/SA models, S phi values decreased drastically at early stage. Especially, in the GB/SA model, this decrease in S phi was drastic and many salt bridges were observed. On the other hand, S phi values generated by the DD/SA and DD/SA/EC models were somewhat larger than the value calculated from NMR structures and by explicit solvent model throughout 5 ns simulation. S pho values obtained by the SA, GB/SA models and in vacuo simulation were almost the same as the NMR structure value. By the DD/SA and DD/SA/EC models, S pho values were a little bit larger than those calculated by the NMR structures but were the closest to the values obtained by explicit solvent MD simulation. Finally, we examined the Cα positional root mean square fluctuations (RMSF) of the peptide during simulation using various solvent models ( Figure 6 ). The fluctuations observed in the simulation using the explicit solvent model were large, especially around the N and C termini of the peptide regions and the hairpin turn (residues 7 and 8), while those observed in the simulation using implicit solvent models and in vacuo were much smaller throughout the peptide.
Computational Cost
It is also important to examine the computational time required for each implicit solvent model. Table 1 lists the time required to run 1 ns simulation of pda8d with various solvent models on a 2.8 GHz Pentium4 processor in a personal computer and the relative times compared to that of multiple time step BD simulation with SA model. The BD simulation with the DD/SA/EC solvent models required about 7% more computational time than the DD/SA BD simulation, and 162 (= 2,057/13.7) times less than the MD simulation with explicit water molecules with cut-off radius of 9Å. The GB/SA model was 1.4 times slower than the DD/SA/EC BD simulation, but 115 (= 2,057/171.9) times faster than the explicit water model with cut-off radius of 9Å.
Discussion
In this study we have evaluated the performance of the four implicit solvent models, generalized Born/solventaccessible surface area (GB/SA), solvent-accessible surface area (SA), SA combined with distance-dependent dielectric (DD/SA) and effective charge model combined with DD/SA models, in combination with the atomistic Brownian dynamics algorithm based on AMBER unitedatom force field. The computational times required for those implicit solvent models combined with BD algorithm were much smaller than that of MD simulation using explicit solvent water model (Table 1) . Therefore, the BD simulations with those implicit solvent models permit long time simulations to be routinely studied. The simulations were performed using the BD with multiple time step algorithm developed here. All covalent bonds were constrained with LINCS algorithm. The short time step of 5 fs and n = 8 were used for multiple time step algorithm. Number of atoms was 304.
c The simulation was performed using the MD program AMBER with united-atom force field. The peptide was solvated using a box extending at least 10Å in all directions. All covalent bonds were constrained with SHAKE algorithm. Cut-off radius was 9Å. The time step was 2 fs. Number of atoms was 7,681. The main artifacts often observed in in vacuo simulations, namely smaller radius of gyration (R g ) and shrinkage of the hydrophilic solvent-accessible surface area (S phi ) were considerably reduced when the DD/SA and DD/SA/EC solvent models using ε = 2r i j were applied for the BD simulation in order to include solvation effects into the simulation (Figures 3 and 4) . Judging from the smaller RMSD obtained from DD/SA/EC simulation throughout 5 ns than those calculated from simulations using other implicit solvent models, DD/SA/EC is the most effective for representing solvent effects among the four implicit solvent models evaluated in this study. Increase on S phi in the simulation using DD/SA and DD/SA/EC models was different from the result of explicit solvent MD and the average value calculated from NMR structures. This disagreement may be attributed to the insufficient simulation time of MD and the initial model peptide structure determined by NMR in which structural models were calculated using nuclear Overhauser enhancement data in vacuo. The SA model was less effective for the reduction of the artifacts encountered in in vacuo simulations than that using DD and EC models. The BD simulation using the SA solvent model gave erroneous salt-bridges, smaller R g ( Figure 3 ) and shrinkage of S phi (Figure 4) . It does not seem that this solvent model can account for long-range screening effects.
The GB/SA simulation resulted in smaller R g , decrease of S phi especially due to many salt bridges ( Figures  3 and 4) . The parameters used for the GB/SA model in this study were optimized using only one peptide containing all 20 amino acids whose structures were obtained from a short-time MD simulation (1 ns) and random generation [26] . Recently, Zhu et al. pointed out the necessity of using structurally distinct several proteins and long-time trial simulations in the parametrization of implicit solvent models [11] . Therefore, the insufficient parametrization might cause errors in calculation of solvation energy of the system in our GB/SA simulation. In addition, although this continuum approximation has the advantage of being fast to evaluate the solvation energy, the dielectric constant which is a macroscopic property of solvent cannot properly describe the atomistic nature of solvent at short distances [31] . Zhu et al. noted the importance of maintaining the proper balance of non-bonded interactions, especially hydrogenbond interactions, which are effective at short distances, in the parametrization of implicit solvent models [11] . In their work, the treatment of the protons that can form hydrogen-bonding was modified. That is, the effective Born radius of any backbone hydrogen atom was taken to be the same as that of the corresponding nitrogen atom in the parametrization of a GB/SA solvent model and the simulations with this model were comparable to explicit solvent simulations [11] . Very recently, Zhou also found that the Generalized Born model showed erroneous salt bridge effects between charged residues resulting in an over-weighting of a non-native structure of a peptide [32] . He noted that even with the large successes of the GB continuum solvent model in many fields, such as pK a calculation, solvation free energy calculation and ligand-receptor bindings, one must be cautious with simulations involving large-scale conformational change. Furthermore, Sheinerman and Brooks proposed that water provides a lubrication mechanism during folding [33] . Therefore, it is necessary to modify the estimation of solvation effects at short-range where the molecular property of the water strongly influences the protein folding. Owing to these reasons, the deviations of S phi and R g values and over-weighting salt bridges in the GB/SA model from the values calculated from NMR structures might have occurred. In this respect, our results in this study suggest that the DD/SA/EC model is the most preferable for long time simulation of peptides with BD.
Although some artifacts encountered in in vacuo simulations were reduced by using the DD/SA and DD/SA/EC solvent using ε = 2r i j model, the small atomic fluctuations observed in BD simulation using the implicit solvent models were different from those with explicit solvent model ( Figure 6 ). The same was true for the SA and the GB/SA solvent models. On the other hand, Zhu et al. reported that RMS fluctuations obtained from stochastic dynamics (Langevin dynamics) simulations with a time step of 2 fs using a GB/SA and a DD/SA model based on GROMOS96 force field were not small and were almost in good agreement with those generated by the explicit solvent simulations [11] . Therefore, this difference may be attributed to the BD algorithm using long time step, in which the less interesting high-frequency motions were omitted.
In EC model, although the one shielding parameter α ext should be optimized, the model is very simple and requires less computational cost. From what has been discussed above, we can conclude that the DD/SA/EC model is more effective for representation of solvation effects than other implicit solvent models.
Conclusion
Proper representation of solvation effects in molecular simulations is a crucial point to describe the dynamics of biomolecules in aqueous systems, especially for the dynamics simulation using implicit solvent model such as Brownian dynamics. In this work, we developed a new implicit solvent model, effective charge (EC) model, to take into account solvation effects in the Brownian dynamics simulation. This EC model could reduce the artifacts typically encountered in in vacuo simulations considerably. Moreover, the EC model is simple and requires no additional computation time. Therefore, this new EC model is a good candidate for implementation in the molecular simulation that investigates the dynamic process required for long time. Table 1 : , Effective charge , Solvent-accessible surface area , Distancedependent dielectric , Generalized Born
